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An application of the Biot’s theory to the diffraction problem of plane harmonic dilatational waves
(P-waves) of the ﬁrst kind and the second kind by a line crack or geometric discontinuity of ﬁnite width
embedded in a saturated two-phase medium is presented in this paper. The crack surfaces are assumed
impermeable, and the integral transformmethod is utilized to reduce the mixed boundary-value problem
to a single Fredholm integral equation. The magnitudes of the intensity of the stress ﬁelds near the crack
tips measured by Mode I dynamic stress-intensity factor (dimensionless) are computed and displayed
graphically against dimensionless circular frequency (x) for several dimensionless material property
values, namely, viscosity-to-permeability and mass density ratios. In the case of the normally incident
P-waves of the ﬁrst kind, the results in terms of stress-intensity factor are also compared with the cor-
responding values of dry elastic material. All the stress-intensity factor curves are shown to exhibit a sim-
ilar character in that they rise to the peaks at certain frequency values and then decay with increasing
frequencies. At certain frequency ranges and material property values, ampliﬁcation in the dynamic
stress-intensity factor can be substantially larger than those encountered in dry elastic materials. The
stress-intensity factor is found to be more affected by the changes in the ratio of viscosity-to-permeabil-
ity at lower mass density ratio. With ﬂuid mass density 10% of the bulk mass density, the viscosity-
to-permeability ratio of 0.01 gives the highest increase of about 32% in the magnitude of stress-intensity
factor compared to the dry material counterpart value, while a decrease of about 9% is observed for the
viscosity-to-permeability ratio of 100. It is also found that change in mass density ratio has signiﬁcant
effect upon the magnitude of stress-intensity factor at lower ratio of viscosity-to-permeability. As for
the normally incident P-waves of the second kind, the presence of the pore ﬂuid affects both the magni-
tude and character of the stress-intensity factor. Large variations in the magnitude of stress-intensity
factor are observed as viscosity-to-permeability ratio changes from 1 to 100. At the ratio of viscosity-
to-permeability of 1.0, the stress-intensity factor curves increase gradually with frequency and exhibit
the peaks in curves for mass density ratio of 0.3 and higher. As the viscosity-to-permeability ratio is
raised to 100, the stress-intensity factor curves increase monotonically with frequency at a much faster
rate throughout the frequency range of interest (x = 0–2), and the change in mass density ratio is shown
to have little effect on the stress-intensity factor, especially within the low frequency ranges. The results
obtained in this study are useful in the mechanics of fracture initiation of saturated porous materials
under the ﬂuctuating mechanical and/or pore ﬂuid loadings that are periodic with time.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
In dynamic fracture mechanics, the effects of ﬂuctuating loads
on elastic medium weakened by ﬂaws or crack-like defects have
been the focus of interest by many investigators, and the knowl-
edge of the stress ﬁeld around the crack tips is known to play a
key role in determining the stability of the crack. On the other
hand, systematic study is still needed to understand as to how
the pore ﬂuid and the ﬂuctuating pore ﬂuid loading can affect
the local stress ﬁled in saturated porous medium containing crack.ll rights reserved.Such knowledge can be practically important in many diversiﬁed
ﬁelds, ranging from geomechanics to biomechanics.
For steady-state problems involving diffraction of harmonic
waves by a ﬁnite crack in elastic medium, a considerable amount
of research work has been devoted to the topic. Loeber and Sih
(1968) provided the solution to the problem of diffraction of plane
harmonic horizontally polarized shear waves (SH-waves) by a line
crack of ﬁnite width, and presented a method of obtaining an
asymptotically near-ﬁeld solution. The method involves the use
of the integral transformmethod to formulate the mixed boundary
value problem, and gives the results in term of an auxiliary func-
tion governed by a Fredholm integral equation of the second kind.
The same method was later extended by Sih and Loeber (1969a) to
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or geometric discontinuity of ﬁnite width disturbed by the propa-
gation of plane harmonic P and SV-waves. Another attempt also
has been made by the same authors, Sih and Loeber (1969b), utiliz-
ing the Hankel integral transform to solve the axisymmetric prob-
lem of scattering of normal compression and radial shear waves at
a penny-shaped crack. A comprehensive review of the research
work on the topic can be found in their paper. Other elastodynamic
crack problems are also summarized by Sih (1968). Although most
of the studies on the topic have been progressed considerably, but
they are still limited to elastic medium with a single solid constit-
uent or dry elastic medium.
The purpose of this paper is to investigate the response of a sat-
urated porous elastic medium containing a line crack of ﬁnite
width under the propagating plane harmonic dilatational waves
(also referred to as compressional waves, or P-waves) of the ﬁrst
kind and the second kind generated, respectively, by ﬂuctuating
mechanical and/or pore ﬂuid loadings. Of particular interest is
the inﬂuence of certain material properties, namely, mass density
of the ﬂuid relative to bulk mass density and viscosity-to-perme-
ability ratio, upon the intensity of the stress ﬁelds in the vicinity
of the crack tips. The formulation of the problem is based on the
linear theory of Biot (1962) (also known as the Biot’s theory) which
takes into account the interdependence between the two constitu-
ents, i.e., ﬂuid and solid skeleton, and is basically analogous to the
linear theory of coupled thermoelasticity as pointed out by Biot
(1956). Reference to the topic concerning the transient problem
of thermal loadings suddenly applied to the crack surfaces can be
made to the work of Kassir et al. (1986). The diffraction problem
of plane harmonic, dilatational and thermally induced thermoelas-
tic waves interrupted by a crack of ﬁnite width in an unbounded
elastic medium has been solved by Phurkhao and Kassir (1991).
They assumed that the crack surfaces are insulated, and formulated
the problem utilizing the integral transforms to reduce the prob-
lem to a single Fredholm integral equation of the second kind,
and then obtained the results in terms of the stress-intensity factor
ðk1Þ. Their solution method will be extended to solve a similar
problem relating to a ﬂuid-saturated porous material in this paper.
In regard to embedded crack in an unbounded, saturated, porous
medium subjected to time dependent loadings, few problems have
been solved in the past. Craster andAtkinson (1996) have attempted
to ﬁnd the asymptotic solution of the transient problem of ﬁnite
crack in a poroelastic medium using matched asymptotic expan-
sions and rescalings, but their solution is based on the quasi-static
theory of Biot (1941) in which all the inertia terms are neglected.
Additional references on the theory should also bemade to thework
of Rice andCleary (1976). In a recent paper, Jin and Zhong (2002) ob-
tained a transient solution of an axisymmetric problem of an imper-
meable penny-shaped crack embedded in an inﬁnite porous solid
under the suddenly applied uniform traction over the crack sur-
faces. The problem of diffraction of harmonic dilatational wave of
the ﬁrst kind incident upon a permeable circular crack in a saturated
poroelastic medium has also been treated by Galvin and Gurevich
(2007) using the Hankel transform to reduce the problem to a Fred-
holm integral equation. However, their concerns are not in the
stress ﬁeld around the crack tips, and the response of the medium
under the incidence of the P- waves of the second kind has not been
investigated. To the best of the author’s knowledge, there are no
analytical solutions to the Biot’s general ﬁeld equations of the dif-
fraction problem of plane harmonic dilatational waves obstructed
by a line crack of ﬁnite width within an unbounded medium.
Section 2 of this paper describes the basic equations governing
the wave propagation in the two-phase medium, and begins with
the introduction of the governing equations of motion of the bulk
material coupled with the diffusion equation of the ﬂuid in the
non-dimensional space and time variables. The equations are thendecomposed into the dilatational and shear wave equations. Sec-
tion 3 considers two types of incident waves, namely, mechanically
induced P-waves of the ﬁrst kind and the P-waves of the second
kind induced by the pore ﬂuid pressure. Both input waves are trea-
ted separately in subsequent analysis to determine solutions of the
scattered wave ﬁelds. Section 4 deals with the formulation and the
determination of the scattered wave ﬁelds utilizing the integral
transform technique as outlined by Phurkhao and Kassir (1991)
to reduce the mixed boundary-value problem to a pair of dual inte-
gral equations whose solution is in turn governed by a Fredholm
integral equation of the second kind which is suitable for numeri-
cal work. Finally, numerical results of the two-phase medium com-
puted as the magnitude of dimensionless stress-intensity factors
are presented graphically in Section 5 for several values of mass
density and viscosity-to-permeability ratios. In the case of incident
P-waves of the ﬁrst kind, the results are also compared with dry
material counterpart values over a range of dimensionless fre-
quency of interest.
2. Basic equations
Consider a through crack of ﬁnite width, 2a, embedded in an
inﬁnite medium consisting of a porous elastic solid saturated by
a viscous ﬂuid (two-phase material). With reference to the Carte-
sian coordinates ðx0; y0; z0Þ and time t0, it is assumed that the crack
is subjected to the plane harmonic waves propagating in the med-
ium in the x0y0-plane. In the absence of the body forces, the basic
equations governing the motion of the two-phase medium based
on the Biot’s theory (1962) are
s0ij;j ¼ q€u0i þ qf €w0i; ð1Þ
 p0;i ¼ qf €u0i þ
qf
f
€w0i þ
g
k
_w0i: ð2Þ
Here, u0j; j ¼ x; y; z denote the components of the displacement
vector u0 ¼ ðu0x; u0y; u0zÞ of the solid; w0j ¼ f ðU0j  u0jÞ; j ¼ x; y; z rep-
resent the components of the ﬂuid displacement vector relative
to the solid portion w0 ¼ ðw0x; w0y; w0zÞ ¼ f ðU0  u0Þ, with f being
the porosity of the medium. Also, qf ; q designate, respectively,
the mass density of the ﬂuid and the bulk material, while, g; k
are the ﬂuid viscosity and permeability (absolute) of the medium,
respectively. Moreover, a subscript comma is used to denote par-
tial differentiation, while a dot over a ﬁeld variable indicates differ-
entiation with respect to the time variable. The total or bulk stress
components s0ij; ði; j ¼ x; y; zÞ and the pore pressure of the ﬂuid p0
are related to the displacement components through the following
constitutive equations
s0ij ¼ 2le0ij þ dijke dijap0; ð3Þ
p0 ¼ Mðaeþ ef Þ; ð4Þ
in which, e0ij; ði; j ¼ x; y; zÞ denote the components of the strain ten-
sor, dij stands for the usual Kronecker delta symbol, and e designates
the dilatation of the solid skeleton, i.e.,
e0ij ¼ ðu0i;j þ u0j;iÞ=2; ð5Þ
e ¼ u0j;j ð6Þ
Moreover, the dilatation of the ﬂuid portion measuring the var-
iation in the ﬂuid content is given by
ef ¼ w0j;j: ð7Þ
The constants a; M are, respectively, referred to as the Biot
coefﬁcient and the Biot modulus. In addition, the shear modulus
of the bulk material is represented by l, and k is the Lame’s con-
stant of the bulk material under the constant pore pressure (or
open system)
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problem in non-dimensional form. To this end, the following non-
dimensional quantities are deﬁned
x ¼ x0=a; y ¼ y0=a; z ¼ z0=a
t ¼ t0a ðl=qÞ1=2
uj ¼ u0j=a; wj ¼ w0j=a;
sij ¼ s0ij=l; p ¼ p0=l;
i; j ¼ x; y; z
9>>>>=
>>>>;
; ð8Þ
and substituted into Eqs. (1)–(7). The non-dimensional equations of
motion relating the dimensionless displacement vectors
u ¼ ðux;uy;uzÞ of the solid part and the ﬂow of the ﬂuid relative to
the solid portion w ¼ ðwx;wy;wzÞ ¼ f ðU uÞ are obtained
$2uþ ðb2  1Þ$e aaf$ef ¼ €uþ q €w; ð9Þ
 $p ¼ q€uþ q
f
€wþ b _w: ð10Þ
Here, af designates the normalized Biot modulusM=l; and q de-
notes the mass density ratio qf =q. The parameter b stands for the
normalized viscosity-to-permeability ratio ga=k ﬃﬃﬃﬃﬃﬃﬃlqp , and b desig-
nates the ratio of the reference velocities of the dilatational wave
ðVcÞ and the shear wave ðVsÞ in the saturated medium under the
‘‘dynamic compatibility’’ condition when no relative motion be-
tween the two components exists (Biot 1956, 1962), i.e.,
b2 ¼ V2c =V2s ; ð11Þ
V2c ¼ ðkþ 2lþ a2MÞ=q; V2s ¼ l=q: ð12Þ
The non-dimensional components of the stress tensor and the pore
pressure are given by the following relations
sij ¼ 2eij þ dijðb2  2Þe dijaaf ef ; ð13Þ
p ¼ af ðaeþ ef Þ; ð14Þ
where eij designates the components of the strain tensor of the solid
skeleton.
In order to determine the equations governing the propagation
of the dilatational and shear waves in the xy-plane under the state
of plane strain, it is necessary to represent the displacement vec-
tors u and w in terms of the scalar functions f/;wg and f/f ;wf g
according to Biot (1962) as follows
ux ¼ @/
@x
þ @w
@y
; uy ¼ @/
@y
 @w
@x
; uz ¼ 0; ð15Þ
wx ¼
@/f
@x
þ @wf
@y
; wy ¼
@/f
@y
 @wf
@x
; wz ¼ 0; ð16Þ
and insert them into Eqs. (9) and (10) with the aid of Eq. (14). It is
found that the potentials / and /f associated with the dilatational
waves are governed by
b2r2/þ aafr2/f ¼ €/þ q€/f ; ð17Þ
afr2ða/þ /f Þ ¼ q€/þ qf
€/f þ b _/f ; ð18Þ
while the following equations
r2w ¼ €wþ q€wf ; ð19Þ
q€wþ q
f
€wf þ b _wf ¼ 0; ð20Þ
determine the potentials w and wf for the shear waves. It is also
noted that by putting /f ¼ 0 in Eqs. (17) and (18), it is readily con-
ﬁrmed that the dynamic compatibility condition exists when the
properties of the medium satisfy the relation aaf ¼ qb2 as given
by Biot (1962). Furthermore, the dilatational wave velocity Vc in
Eq. (12) is essentially the purely elastic wave velocityc1 ¼ ½ðkþ 2lÞ=q1=2 in the theory of elasticity of dry materials if q
is put to zero.
Some of the related components of the stress tensor and the
pore pressure necessary for further analysis can be readily ex-
pressed in the following forms
syy ¼ 2 @
2/
@y2
 @
2w
@y@x
 !
þ ðb2  2Þr2/þ aafr2/f ; ð21aÞ
sxy ¼ 2 @
2/
@x@y
 @
2w
@x2
þ @
2w
@y2
; ð21bÞ
p ¼ afr2ða/þ /f Þ: ð22Þ3. Incident waves
Assuming that the input waves are the plane harmonic dilata-
tional waves (P-waves) propagating in the direction normal to
the z-axis and making an angle h with the +x-axis. The appropriate
wave functions may be assumed in the following complex expo-
nential form
/ðiÞ;/ðiÞf ;w
ðiÞ;wðiÞf
n o
¼ /0;/0f ;0;0
n o
eifcðx cos hþy sin hÞþxtg: ð23Þ
Here, the quantities with the superscript (i) indicate the quanti-
ties associated with the incoming or incident waves. In Eq. (23), the
magnitudes of the wave functions /ðiÞ;/ðiÞf are denoted, respec-
tively, by /0; /0f ; while the incident shear waves represented by
wðiÞ; wðiÞf are assumed zero. Also, x, c denote the dimensionless cir-
cular frequency and the dimensionless wave number, respectively.
In the conventional unit, the corresponding circular frequency and
the wave number designated by x0 and c0; respectively, are given
by
x0 ¼ xVs=a; c0 ¼ c=a ð24Þ
Assuming further that the wave considered is the wave of assigned
frequency, i.e., x being regarded as real. Upon substituting the sca-
lar wave functions from Eq. (23) into Eqs. (17), (18), it is readily con-
ﬁrmed that the 4 possible complex wave numbers c1 and c2
satisfying the equations are
cj ¼ ðx=VjÞ þ iqj ¼ ðx=bÞZ1=2j ; j ¼ 1;2; ð25Þ
in which Vj ¼ b=ReðZ1=2j Þ; qj ¼ ðx=bÞImðZ1=2j Þ representing, respec-
tively, the dimensionless phase velocities and attenuations are re-
lated to the corresponding quantities in the conventional units by
the following equations
V 0j ¼ VsVj and q0j ¼ qj=a; j ¼ 1;2 ð26Þ
and
Z1 ¼ 12 n1 þ id
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðn1  idÞ2  4ðn2 þ idÞ
q 
; ð27aÞ
Z2 ¼ 12 n1 þ idþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðn1  idÞ2  4ðn2 þ idÞ
q 
ð27bÞ
are the roots of the characteristic equation
Z2 þ ðn1  idÞZþ ðn2 þ idÞ ¼ 0 ð28Þ
with
n1 ¼ 2aaf q af  qb
2=f
af ð1 a2af =b2Þ
; n2 ¼ ðq=f  q
2Þb2
af ð1 a2af =b2Þ
d ¼ bb
2
af ð1 a2af =b2Þ
x1
9>>=
>>;
: ð29Þ
The following asymptotic behaviors of Vj and qj as x! 0 are
also noticed
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q1b ¼ ðn1 þ n2 þ 1Þx=2dþ Oðx3Þ;
V2=b ¼ ð2=dÞ1=2f1þ OðxÞg;
q2b ¼ ðd=2Þ1=2xf1þ OðxÞg:
9>>>=
>>>;
ð30Þ
For each root of Eq. (28), there corresponds a characteristic
mode of amplitudes, i.e., for the ﬁrst mode with Z ¼ Z1;
/01
/0f1
( )
¼ /0 1vf
( )
; ð31Þ
and the second mode with Z ¼ Z2,
/02
/0f2
( )
¼ /0f
v
1
 
: ð32Þ
Here, v and vf are the complex multiplications given by the fol-
lowing relations
vf ¼
1 Z1
aafZ1=b2  q
; v ¼ aafZ2=b
2  q
1 Z2 : ð33Þ
It is to be noted that in the limiting case of dry elastic medium
as qf ! 0; g! 0 and M ! 0; the Eqs. (27) give the values of the
root Z1 ¼ 1 and Z2 ¼ 0; and the dilatational wave velocity as well
as the wave number associated with the root Z1approach the
purely elastic wave values in the theory of elasticity, i.e., V 01 ! c1
and c01 ! x0=c1.
To ensure incoming waves, it is necessary to consider only the
roots with positive real parts, i.e., ReðcjÞ > 0; j ¼ 1;2. It follows
that the functions
/0
1
vf
( )
ei c1ðx cos hþy sin hÞþxtf g ð34Þ
associated with the ﬁrst mode will represent the incoming waves
generated by straining in the solid, while the incoming waves of
the second mode initiated by the pore ﬂuid loading are given by
/0f
v
1
 
ei c2ðx cos hþy sin hÞþxtf g: ð35Þ
According to Biot (1956), the wave functions in Eqs. (34) and
(35) are also referred to as the dilatational waves of the ﬁrst kind
and the second kind (sometimes, referred to as fast waves and slow
waves), respectively.
Considering the wave functions in Eqs. (34) and (35), it is inter-
esting to note that two waves always exist in each mode. In the
ﬁrst mode, one is the modiﬁed elastic wave in the solid of magni-
tude /0; and another one is the accompanying wave induced in the
ﬂuid with magnitude /0vf . They both propagate at the same phase
velocity, but are different in phase angle. Neither one can exist
without the other. This is attributed to the coupling inﬂuence of
the straining in the solid upon the ﬂuid part. Likewise, two waves
also exist in the second mode, the pore pressure wave in the ﬂuid
and the accompanying wave induced in the solid with magnitudes
/0f and /
0
f v; respectively. Moreover, they are highly damped and
propagate much slower than the waves of the ﬁrst kind.
For mechanically induced P-waves of the ﬁrst kind propagating
along the direction making an angle h with the x-axis, the wave
functions are
/ðiÞ;/ðiÞf ;w
ðiÞ;wðiÞf
n o
¼ /0;vf/0;0; 0
n o
eifc1ðx cos hþy sin hÞþxtg ð36Þ
and the corresponding stress components sðiÞyy; sðiÞxy are given by
sðiÞyy ¼r1ðc1=xÞ2ð2sin2 hþb22þaafvf Þeifc1ðxcoshþysinhÞþxtg; ð37aÞ
sðiÞxy ¼r1ðc1=xÞ2 sin2heifc1ðxcoshþysinhÞþxtg; ð37bÞin which r1 ¼ x2/0 corresponds to the asymptotically maximum
static value of the normal stress component sðiÞyy and is assumed to
remain ﬁnite value for small frequency x at the crack plane.
Similarly, if incident P-waves induced by the pore ﬂuid pressure
are of the second kind, then
/ðiÞ;/ðiÞf ;w
ðiÞ;wðiÞf
n o
¼ v/0f ;/0f ;0;0
n o
eifc2ðx cos hþy sin hÞþxtg ð38Þ
and
sðiÞyy ¼ r2c22 vð2 sin2 hþ b2  2Þ þ aaf
h i
eifc2ðx cos hþy sin hÞþxtg; ð39aÞ
sðiÞxy ¼ r2c22v sin 2heifc2ðx cos hþy sin hÞþxtg: ð39bÞ
Here, r2 ¼ /0f .
4. Scattered wave ﬁelds
Diffraction of dilatational waves by a line crack of ﬁnite width in
an unbounded, saturated porous medium will be discussed in this
section. It is assumed that the crack is impermeable and situated
along the x-axis from 1 to +1 in the dimensionless unit (a to
+a in the conventional unit). The total wave ﬁelds f/;/f ;w;wf g
can then be taken as the linear combination of the incident and
the scattered wave ﬁelds denoted with superscript (s), i.e.,
/ðx; y; tÞ ¼ /ðiÞðx; y; tÞ þ /ðsÞðx; y; tÞ;
/f ðx; y; tÞ ¼ /ðiÞf ðx; y; tÞ þ /ðsÞf ðx; y; tÞ;
wðx; y; tÞ ¼ wðiÞðx; y; tÞ þ wðsÞðx; y; tÞ;
wf ðx; y; tÞ ¼ wðiÞf ðx; y; tÞ þ wðsÞf ðx; y; tÞ:
9>>>=
>>>;
ð40Þ
Upon inserting Eqs. (40) into Eqs. (17)–(20) and noting that the
potentials for the incident waves are automatically satisﬁed by the
wave equations, it is found that the potentials for the scattered
wave ﬁelds with the same time factor expðixtÞ as the input
waves (being omitted here and in the sequel for brevity) are gov-
erned by
b2r2 þx2
 
/ðsÞ þ aafr2 þx2q
 
/ðsÞf ¼ 0; ð41Þ
aafr2 þx2q
 
/ðsÞ þ afr2 þ qf x
2 þ ixb
 
/ðsÞf ¼ 0; ð42Þ
r2 þx2
 
wðsÞ þx2qwðsÞf ¼ 0; ð43Þ
x2qwðsÞ þ q
f
x2 þ ixb
 
wðsÞf ¼ 0 ð44Þ
and subjected to speciﬁed conditions on the crack surfaces.
For a traction-free and impermeable crack, the stresses and the
ﬂow of ﬂuid across the crack surfaces on y = 0 plane and inside the
crack region must vanish, i.e.,
syyðx;0Þ ¼ sðiÞyyðx;0Þ þ sðsÞyy ðx;0Þ ¼ 0; jxj 6 1; ð45aÞ
wyðx;0Þ ¼ wðiÞy ðx;0Þ þwðsÞy ðx;0Þ ¼ 0; jxj 6 1; ð45bÞ
sxyðx;0Þ ¼ sðiÞxyðx;0Þ þ sðsÞxy ðx;0Þ ¼ 0; jxj 6 1: ð45cÞ
The requirements in Eqs. (45) including the regularity condi-
tions at remote distance from the crack are sufﬁcient to establish
the boundary conditions for the scattered wave ﬁelds.
To solve the problem, it is convenient to divide the problem into
symmetric and anti-symmetric problems with respect to the x-
axis. In view of the requirements (45), it is seen that the conditions
imposed on syy and wy will lead to the symmetric problem to
determine the stress-intensity factor k1, while the anti-symmetric
problem determining the stress-intensity factor k2 is dictated by
sxy ¼ 0. The two solutions when combined will yield the required
solution for the original problem. However, for the salient feature
of the inﬂuence of the pore pressure upon the stress-intensity
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the waves will be at normal incident (h = 90) to the crack surface,
so that only the symmetric case will be considered to determine
the stress-intensity factor k1. To this end, it is appropriate to
consider the half-plane problem within the domain yP 0; and
the corresponding boundary conditions on y = 0 plane are
sðsÞxy ðx;0Þ ¼ 0; 0 6 x <1; ð46aÞ
sðsÞyy ðx;0Þ ¼ sðiÞyyðx;0Þ; 0 6 x 6 1 ð46bÞ
uðsÞy ðx;0Þ ¼ 0; x > 1; ð46cÞ
wðsÞy ðx;0Þ ¼ wðiÞy ðx;0Þ; 0 6 x 6 1; ð46dÞ
wðsÞy ðx;0Þ ¼ 0; x > 1: ð46eÞ
In addition, all physical quantities must be bounded at large dis-
tances from the crack region. An appropriate bounded solution to
Eqs. (41)–(44) consists of the following integral functions
/ðsÞ ¼ 2
p
Z 1
0
fA1ðsÞeg1y þ A2ðsÞeg2yg cosðsxÞds; ð47aÞ
/ðsÞf ¼
2
p
Z 1
0
fk1A1ðsÞeg1y þ k2A2ðsÞeg2yg cosðsxÞds; ð47bÞ
wðsÞ ¼ 2
p
Z 1
0
A3ðsÞeg3y sinðsxÞds; ð47cÞ
wðsÞf ¼
2
p
Z 1
0
k3A3ðsÞeg3y sinðsxÞds; ð47dÞ
in which the exponents gj are deﬁned as
gj ¼ ðs2  c2j Þ1=2; ReðgjÞP 0; j ¼ 1;2;3: ð48Þ
Here, c21; c22 are known functions of the material properties and
the applied frequency given by Eq. (25), and
c23 ¼ 1
q2
q=f þ ib=x
 
x2; ð49Þ
kj ¼
x2  b2c2j
aafc2j x2q
; j ¼ 1;2; k3 ¼ c
2
3 x2
x2q
: ð50Þ
Also, the functions AjðsÞ; j ¼ 1;2;3 are the transform parame-
ters to be determined from the applicable boundary conditions.
Next, some relevant quantities such as stresses are readily ob-
tained from Eqs. (21)
sðsÞxy ¼
2
p
Z 1
0
2g1sA1ðsÞeg1yþ2g2sA2ðsÞeg2yþðs2þg23ÞA3ðsÞeg3y
	 

sinðsxÞds;
ð51aÞ
sðsÞyy ¼
2
p
Z 1
0
2g21ðb22þaaf k1Þðs2g21Þ
	 

A1ðsÞeg1y

þ 2g22ðb22þaaf k2Þðs2g22Þ
	 

A2ðsÞeg2yþ2g3sA3ðsÞeg3y

cosðsxÞds
ð51bÞ
and displacements from Eqs. (15) and (16) as
uðsÞy ¼
2
p
Z 1
0
g1A1ðsÞeg1yþg2A2ðsÞeg2yþsA3ðsÞeg3yf gcosðsxÞds;
ð52aÞ
wðsÞy ¼
2
p
Z 1
0
g1k1A1ðsÞeg1yþg2k2A2ðsÞeg2yþk3sA3ðsÞeg3yf gcosðsxÞds:
ð52bÞ
Now, the condition (46a) in conjunction with Eq. (51a) is readily
shown to imply that
A3ðsÞ ¼ 2s½g1A1ðsÞ þ g2A2ðsÞ2s2  c23
ð53Þ
and the remaining conditions (46b), (46c), (46d) and (46e) yield a
set of simultaneous dual integral equations governing the remain-
ing unknown functions A1(s) and A2(s)2
p
Z 1
0
fa11ðsÞA1ðsÞþa12ðsÞA2ðsÞgcosðsxÞds¼sðiÞyy; 06 x61 ð54aÞ
2
p
Z 1
0
fa21ðsÞA1ðsÞ þ a22ðsÞA2ðsÞg cosðsxÞds ¼ 0; x > 1 ð54bÞ
2
p
Z 1
0
fb11ðsÞA1ðsÞþb12ðsÞA2ðsÞgcosðsxÞds¼wðiÞy ; 06 x61 ð54cÞ
2
p
Z 1
0
fb21ðsÞA1ðsÞ þ b22ðsÞA2ðsÞg cosðsxÞds ¼ 0; x > 1: ð54dÞ
Here, sðiÞyy and wðiÞy are known functions, and the functions aijðsÞ,
bijðsÞ; j ¼ 1;2 are given by
a1jðsÞ ¼ 2s2  b2c2j 
4gjg3s2
2s2  c23
 aaf kjc2j ; ð55aÞ
a2jðsÞ ¼ c
2
3
2s2  c23
gj; ð55bÞ
b1jðsÞ ¼ b2jðsÞ ¼ 2k3s
2
2s2  c23
 kj
 
gj: ð55cÞ
The set of simultaneous dual integral Eqs. (54) can be reduced to a
standard pair of dual integral equations by introducing a new
variable
WðsÞ ¼ 2D
p
½a21ðsÞA1ðsÞ þ a22ðsÞA2ðsÞ ð56Þ
with
D ¼ 2M1=ðk2  k1Þc23 ð57Þ
M1 ¼ ðb2  1Þ k1c22  k2c21  k3ðc22  c21Þ
 
þ aaf k1k2ðc22  c21Þ þ k3ðk1c21  k2c22Þ
  ð58Þ
and applying the inversion of the cosine transform to the last two
equations of (54) to obtain
b21ðsÞA1ðsÞ þ b22ðsÞA2ðsÞ ¼ 
Z 1
0
wðiÞy cosðsxÞdx: ð59Þ
Solve for A1ðsÞ and A2ðsÞ from Eqs. (56) and (59)
A1ðsÞ ¼ 1DðsÞ a22ðsÞ
Z 1
0
wðiÞy cosðsxÞdxþ
p
2D
b22ðsÞWðsÞ
 
; ð60aÞ
A2ðsÞ ¼ 1DðsÞ a21ðsÞ
Z 1
0
wðiÞy cosðsxÞdxþ
p
2D
b21ðsÞWðsÞ
 
; ð60bÞ
in which
DðsÞ ¼ a22ðsÞb21ðsÞ  a21ðsÞb22ðsÞ: ð62Þ
The remaining Eqs. (54a) and (54b) in conjunction with Eqs.
(60) are readily shown to render the following pair of dual integral
equations for the determination of the function W(s).Z 1
0
sf ðsÞWðsÞ cosðsxÞds ¼ gðxÞ; 0 6 x 6 1; ð62aÞZ 1
0
WðsÞ cosðsxÞds ¼ 0; x > 1; ð62bÞ
where
f ðsÞ ¼ 1
DsDðsÞ ½a12ðsÞb21ðsÞ  a11ðsÞb22ðsÞ; ð63Þ
gðxÞ ¼ 2
p
wðiÞy
Z 1
0
s1hðsÞ sinðsÞ cosðsxÞds sðiÞyy; ð64Þ
hðsÞ ¼ 1
DðsÞ ½a11ðsÞa22ðsÞ  a12ðsÞa21ðsÞ: ð65Þ
Considering the case when the incident waves are of the ﬁrst
kind and x! 0; it is noted that
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c22 ¼ ibaf ð1af a2=b2Þxþ Oðx
2Þ;
c23 ¼ x2 þ Oðx3Þ;
f ðsÞ ¼ 1þ OðxÞ;
9>>=
>>>;
ð66Þ
and the functions wðiÞy ¼ 0; gðxÞ ¼ sðiÞyy ¼ r1; consequently, the
dual integral equations reduce to those in the static case (Sneddon
and Lowengrub, 1969). Also, in the limiting case of a single-phase
material (dry elastic solid), q ¼ af ¼ b ¼ 0, the following parameters
take on the following values
k1 ¼ k3¼vf ¼0; b2¼ð2lþkÞ=l; c1¼x=b; wðiÞy ¼0; sðiÞyy ¼r1
ð67Þ
and the functions f(s) and g(x) in Eqs. (63) and (64), respectively, re-
duce to
f ðsÞ ¼ 1
x2g1s
ð2s2 x2Þ2  4g1g3s2
n o
; gðxÞ ¼ sðiÞyy ¼ r1; ð68Þ
which are exactly the same functions as in the elastodynamic crack
problem provided by Sih and Loeber (1969a) when they are con-
verted into the conventional units. Consequently, the problem re-
duces to the crack problem of dry material under the purely
elastic P-wave.
The set of Eqs. (62) is the standard pair of dual integral equa-
tions whose solution is readily obtained by the integral (Copson,
1961)
WðsÞ ¼
Z 1
0
uðrÞJ0ðsrÞdr; ð69Þ
in which the auxiliary function uðrÞ is governed by the following
Fredholm integral equation of the second kind
uðrÞ þ
Z 1
0
uðnÞKðn; rÞdn ¼ 2
p
r
Z r
0
gðxÞdx
ðr2  x2Þ1=2
; 0 < r < 1 ð70Þ
Here the kernel function Kðn; rÞ stands for
Kðn; rÞ ¼ r
Z 1
0
s½f ðsÞ  1J0ðsnÞJ0ðsrÞds; 0 < r 6 1; 0 < n 6 1
ð71Þ
and J0 is the zero-order Bessel function of the ﬁrst kind. It should
also be noted that for large s the function f(s) behaves asymptoti-
cally as f ðsÞ ¼ 1þ Oðs2Þ and f ðsÞ ¼ Oðs1Þ for s! 0. Thus, it poses
no difﬁculties in numerical integration of the kernel.
To put the integral Eq. (70) in a form suitable for numerical
computation, it is advantageous to symmetrize the kernel Kðn; rÞ
and normalize the auxiliary function uðrÞ with respect to
rj; j ¼ 1;2 by writing
uðrÞ ¼ rj
ﬃﬃ
r
p
UðrÞ ð72Þ
so that
WðsÞ ¼ rj
Z 1
0
ﬃﬃ
r
p
UðrÞJ0ðsrÞdr: ð73Þ
In view of the complex roots cj; j ¼ 1;2;3, the function
UðrÞ ¼ U1ðrÞ þ iU2ðrÞ becomes complex and satisﬁes the Fredholm
integral equation
UðrÞ þ
Z 1
0
UðnÞKðn; rÞdn ¼ QðrÞ; 0 < r 6 1; ð74Þ
with the symmetric kernel
Kðn;rÞ¼ ðrnÞ1=2
Z 1
0
s½f ðsÞ1J0ðsnÞJ0ðsrÞds; 0< r61; 0< n61
ð75Þin which
QðrÞ ¼ 2
ﬃﬃ
r
p
prj
Z r
0
gðxÞdx
ðr2  x2Þ1=2
: ð76Þ
Upon substituting for g(x) from Eq. (64) into Eq. (75), and noting
thatZ r
0
cosðsxÞ
ðr2  x2Þ1=2
dx ¼ p
2
J0ðsrÞ; ð77aÞ
Z r
0
dx
ðr2  x2Þ1=2
¼ p
2
; ð77bÞ
it follows that QðrÞ can be readily expressed in the following form
QðrÞ ¼ 2
ﬃﬃ
r
p
prj
wðiÞy
Z 1
0
s1hðsÞ sinðsÞJ0ðsrÞds
p
2
sðiÞyy
 
: ð78Þ
The integral expression in Eq. (78) is well deﬁned and ﬁnite over
the validity range of variables including at its end points as it is
apparent from hðsÞ ¼ Oð1Þ as s! 0 and hðsÞ ¼ Oðs1Þ as s!1.
With a view toward solving Eq. (74) numerically, it is desirable
to improve the convergence of the kernel shown in Eq. (75) by
using its alternative form
Kðn; rÞ ¼ ðrnÞ1=2
Z 1
0
sFðsÞJ0ðsnÞJ0ðsrÞds
þ ðrnÞ1=2c I0ðrdÞK0ðndÞ; 0 < r < n;
I0ðndÞK0ðrdÞ; n < r <1;

ð79Þ
where I0 and K0 are the modiﬁed zero-order Bessel functions of the
ﬁrst and the second kind, respectively, while
FðsÞ ¼ f ðsÞ  1 c
s2 þ d2
; ReðdÞ > 0 ð80Þ
with the parameters c, d being given in the Appendix. The
advantage of the new representation is seen from FðsÞ ¼ Oðs6Þ as
s!1.
Now, it is ready to determine the stress-intensity factor by con-
sidering only the near-ﬁeld stress component of the scattered wave
ﬁeld as it contributes to the singularity in the stress ﬁeld near the
crack tip, in particular, the normal stress component sðsÞyy on the
y = 0 plane. To proceed toward this goal, the functions A1ðsÞ and
A2ðsÞ from Eqs. (60) are then inserted into Eqs. (51b) in conjunction
with Eq. (53) to render
sðsÞyy ðx;0Þ ¼
Z 1
0
sf ðsÞWðsÞ cosðsxÞdsþ non singular terms: ð81Þ
Next integrate the functionWðsÞ in Eq. (73) by-parts, and retain the
boundary term contributing to the singular behavior of the stress
component at the crack tip (x = +1) so that
WðsÞ ¼ rj
Z 1
0
ﬃﬃ
r
p
UðrÞJ0ðsrÞdr ¼ rjUð1Þs1J1ðsÞ þ . . . ; ð82Þ
then substitute into Eq. (81). The result is
sðsÞyy ðx;0Þ ¼ rjUð1Þ
Z 1
0
f ðsÞJ1ðsÞ cosðsxÞdsþ non-singular terms:
ð83Þ
The improper integral in Eq. (83) is convergent for all x except at
x = +1 it becomes unbounded. Since its integrand is ﬁnite at the
lower limit and all ﬁnite values of s, the divergence of the integral
at x ¼ þ1 must be due to the singular behavior of its integrand at
the upper limit. To extract this singular part, it is necessary to add
and subtract the dominant term f1ðsÞ in the series expansion of
f ðsÞ ¼ f1ðsÞ þ Oðs2Þ; s!1; to and from the integrand of the ﬁrst
integral in Eq. (83) as follow
Fig. 1. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the ﬁrst kind and q = 0.10.
Fig. 2. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the ﬁrst kind and q = 0.30.
Fig. 3. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the ﬁrst kind and q = 0.50.
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Z 1
0
f1ðsÞJ1ðsÞ cosðsxÞds

þ
Z 1
0
f ðsÞ  f1ðsÞ½ J1ðsÞ cosðsxÞds

: ð84Þ
Upon putting f1ðsÞ ¼ 1 in Eq. (84), it is immediately seen that
the second integral becomes a bounded integral, while the ﬁrst
integral gives rise to an unbounded stress at x ¼ þ1. Thus, the
Eq. (84) simpliﬁes to
sðsÞyy ðx;0Þ ¼ rjUð1Þ
Z 1
0
J1ðsÞ cosðsxÞdsþ non-singular terms:
ð85Þ
With the aim of obtaining the stress-intensity factor, the well-
known discontinuous integral identity (Watson, 1944)
lim
x!þ1
Z 1
0
J1ðsÞ cosðsxÞds ¼ 
1
ð2r1Þ1=2
þ Oðr01Þ ð86Þ
is utilized with r1 ¼ x 1; and in the limit as x! þ1 the stress can
be put in the following form
sðsÞyy ðx;0Þ ¼
k1
ð2r1Þ1=2
þ Oðr01Þ; ð87Þ
where
k1 ¼ rjUð1Þ ð88Þ
is the required stress-intensity factor in the dimensionless unit. In
addition, the ratio of its magnitude normalized by rj is given by
jk1j=rj ¼ jUð1Þj ¼ ½U21ð1Þ þU22ð1Þ1=2; j ¼ 1;2: ð89Þ
The remaining section of this paper contains the numerical re-
sults of jk1j=rj appearing in Eq. (89).
5. Numerical results and discussion
In this section numerical results of the magnitude of the dimen-
sionless stress-intensity factor (k1) corresponding to the normally
incident P-waves given by Eq. (89) are presented graphically as
the ratio jk1j=rj; j ¼ 1;2 against dimensionless frequency ðxÞ
for a two-phase medium with the following properties:
l = 6.0 GPa, k = 4.0 GPa, f = 0.19, a = 0.78 and M = 13.5 GPa.
First, the Fredholm integral Eq. (74) was decomposed into a sys-
tem of two simultaneous Fredholm integral equations according to
the real and imaginary parts. The equations were then discretized
for the determination of the function UðrÞ at r = 1 following the
method outlined by Kantorovich and Krylov (1958) to give the
dimensionless k1 factor. Accuracy of the results was achieved by
choosing a large number of terms in the approximation of the inte-
grals in the equations.
For the normally incident P-waves of the ﬁrst kind, the inﬂu-
ences of mass density ratio (q) as well as viscosity-to-permeability
ratio (b) over the k1 factor were brought out by computing the
numerical values of Uð1Þ for ﬁve different values of b, namely,
b = 0.01, 0.1, 1, 10, 100, and four values of q, i.e., q = 0.1, 0.3, 0.5
and 0.7 over the ranges of x ¼ 0 1:5. Their magnitude values
representing the ratios of the magnitude of dynamic stress-inten-
sity factor jk1j to the corresponding static value r1 are also com-
pared graphically with that of dry elastic medium calculated
from using the functions in Eq. (68) and shown as dotted curves
in Figs 1–9. All the curves exhibit a similar character in that they
rise to the peaks at certain frequency values and then decay with
increasing frequencies. At certain frequency ranges and material
property values, namely, mass density and viscosity-to-permeabil-
ity ratios, ampliﬁcation in dynamic stress-intensity factor can be
substantially larger than those encountered in dry elastic medium.It is found that the result for the saturated medium with q = 0.10
and b = 0.01, depicted as the top curve in Fig. 1 (also displayed in
Fig. 4. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the ﬁrst kind and q = 0.70.
Fig. 5. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the ﬁrst kind and b = 0.01.
Fig. 6. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the ﬁrst kind and b = 0.10.
Fig. 7. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the ﬁrst kind and b = 1.
Fig. 8. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the ﬁrst kind and b = 10.
Fig. 9. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the ﬁrst kind and b = 100.
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Fig. 10. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the second kind and q = 0.10.
Fig. 11. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the second kind and q = 0.30.
Fig. 12. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the second kind and q = 0.50.
Fig. 13. Inﬂuence of viscosity-to-permeability ratio on the dimensionless stress-
intensity factor for the normally incident P-waves of the second kind and q = 0.70.
Fig. 14. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the second kind and b = 1.
Fig. 15. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the second kind and b = 10.
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Fig. 16. Inﬂuence of mass density ratio on the dimensionless stress-intensity factor
for the normally incident P-waves of the second kind and b = 100.
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while, for the dry elastic medium, the maximum value is only 1.30
and occurs at nearly the same frequency, giving about 31.5% in-
crease in the stress-intensity factor above the corresponding dry
elastic medium value. The effect of varying viscosity-to-permeabil-
ity ratios on the magnitude of k1 is shown by the plots of the re-
sults in Figs. 1–4 corresponding to the four values of q. Note that
the k1 factors for saturated material with lower ratio of mass den-
sity are more affected by the changes in viscosity-to-permeability
ratio.
Numerical results revealing the effect of pore ﬂuid mass density
on the k1 factor are displayed in Figs. 5–9. As q varies from 0.1 to
0.7 for b = 0.01, Fig. 5 indicates that the peak magnitude value of
the stress-intensity factor ratio changes from 1.71 to 1.13. Indeed,
such difference in the peak magnitudes of k1 is attributed to the
inﬂuence of the ﬂuid mass density relative to the density of the
whole bulk mass, and its effect gets smaller as b is increased. With
b = 100, the k1 factor is found to be insensitive to change in the
mass density ratio as shown in Fig. 9. In such a case, the variation
in the k1 factor is entirely dominated by the friction between pore
ﬂuid and solid skeleton, and the magnitudes of k1 are less than the
corresponding dry material values over the entire frequency range
of interest as expected. A decrease in the peaks of k1 curves about
9% below the dry material value is seen in this case.
As in the case of the normally incident P-waves of the second
kind, similar plots of curves representing the variations of jk1j=r2
against x are displayed in Figs 10–16. Again, in order to demon-
strate the effects of the viscosity-to-permeability ratio on the mag-
nitude of k1, the results for saturated material with q = 0.1, 0.3, 0.5,
0.7 and varying b = 1, 10 and 100 are exhibited in Figs 10–13. Large
variations in jk1j are observed as b changes from 1 to 100. At
q = 0.10, the jk1j=r2 curve of b = 100 in Fig. 10 increases monoton-
ically with increasing frequency attaining the maximum value of
7.39 at the end of the curve ðx ¼ 2Þ;while b = 1, the curve exhibits
increase in jk1j at a much slower rate, giving the peak value of only
0.35 at the corresponding end curve. Similar observations can be
made in the cases of q = 0.3, 0.5 and 0.7 shown, respectively in
Figs. 11–13.
The effects of mass density ratio on the magnitude of k1 for
b = 1, 10 and 100 are illustrated in Figs. 14–16. In general, jk1j in-
creases with increasing q over the range of frequency of interest
ðx ¼ 0 2Þ. For b = 1, Fig. 14 shows large variations and distinct
peaks in the k1 curves. At higher values of b, namely b = 10 and
100, the results shown in Figs 15 and 16 indicate that the k1 factor
is less inﬂuenced by the change in q, especially, at low frequency
range where there is no appreciable change in the stress-intensityfactor as q varies. Strictly speaking, the magnitude of the stress-
intensity factor is predominantly affected by the friction between
the pore ﬂuid and the solid skeleton.
6. Concluding remarks
Propagation problems of plane harmonic, dilatational waves
(compressional waves or P-waves) disturbed by an impermeable
crack or geometric discontinuity of ﬁnite width in an unbounded,
ﬂuid-ﬁlled porous medium have been investigated within the
framework of the Biot’s theory of elastic wave propagation (valid
within the low frequency range) in this paper. Two basic dilata-
tional waves which may exist within the saturated porous med-
ium, namely, P-waves of the ﬁrst kind and the second kind have
been considered separately as input waves normally incident upon
the crack. Numerical results for each kind of input wave were pre-
sented. Of particular importance of the obtained results is the
inﬂuences of the intrinsic properties of porous materials, namely,
ﬂuid mass density relative to that of the whole bulk mass (q) and
the dimensionless viscosity-to- permeability ratio (b), upon the
variation of the Mode I stress-intensity factor (k1), a parameter
characterizing the local dynamic stress ﬁeld around the crack re-
gion. In view of the obtained results, the following conclusions
can be made.
(1) For the incident P-waves of the ﬁrst kind, the characters of k1
curve are similar to that of the counterpart medium of dry
material, rising to the peaks at certain frequency values
and then decaying with increasing frequencies. The ratio of
mass density and viscosity-to-permeability ratio have signif-
icant impacts upon the stress-intensity k1 factors with sub-
stantial increases over the corresponding values of dry
elastic medium (max. about 32% for q = 0.10 and b = 0.01).
At higher viscosity-to-permeability ratio (b = 100) the
response of the medium is nearly insensitive to the changes
in its mass density ratio, and is substantially lower than the
dry material values throughout the entire frequency range
considered. From this result, it is conceivable that using
the conventional elastodynamic theory to estimate the
stress-intensity factor in saturated porous materials could
lead to a serious error in prediction of fracture failure.
(2) In the case of normally incident P-waves of the second kind,
both magnitude and character of the k1 factor are signiﬁ-
cantly affected by the presence of the pore ﬂuid. In general,
the k1 factor increases with increasing values of viscosity-to-
permeability ratio over the frequency range considered with
large variations in their magnitudes, while the effect of ﬂuid
mass density on the k1 factor tends to decrease as the ratio of
viscosity-to-permeability is increased.
The two solutions obtained in this paper may be used to serve
as basis solutions for some other problems of more general nature.
For example, the problem of a crack embedded in a saturated por-
ous medium which is in contact with or fully submerged in an
oscillating ﬂuid. This is a problem in which the crack in the porous
medium is disturbed by the waves transmitted from the compres-
sional wave in the ﬂuid when it is incident upon the interface be-
tween the ﬂuid and the porous medium. Such transmitted waves
may consist of all three kinds of waves, namely, P-waves of the ﬁrst
kind, P-waves of the second kind and S-wave. However, at normal
incident angle to the interface, only the P-waves are transmitted
and can be expressed in the following form
/ðiÞ
/ðiÞf
( )
¼ /0 1vf
( )
ei c1yþxtf g þ /0f
v
1
 
eifc2yþxtg:
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0; /0f and v/
0 are wave magnitudes which can be
determined from the transmission coefﬁcients depending on the
boundary conditions at the interface. Reference to the topic should
be made to the works of Deresiewicz and Skalak (1963) and several
authors cited in the work with a comprehensive review by Dell’Iso-
la et al. (2009). Expressions for the reﬂection and transmission
coefﬁcients can also be found in a recent attempt made by Madeo
and Gavrilyuk (2010) based on the boundary conditions proposed
by Dell’Isola et al. (2009). In view of the linearity of the governing
equations in the Biot’s theroy, the solution for the above input
wave functions can be obtained directly by superposition of the ob-
tained results of the input P-waves of the ﬁrst kind and the second
kind. Such solution is useful in predicting the stability of a crack in
saturated porous medium which is fully submerged in an oscillat-
ing ﬂuid, or in contact with ﬂuid medium conducting pressure
wave.
The result found in this paper clearly indicate that the presence
of pore ﬂuid within a saturated porous medium containing a line
crack or geometric discontinuity of ﬁnite width under ﬂuctuating
mechanical and /or pore ﬂuid loadings that are periodic with time
has signiﬁcant impact upon the magnitude of the stress-intensity
factor. It should be emphasized that the near-ﬁeld solutions pre-
sented in this paper are applicable only to the inﬁnite medium con-
taining an impermeable crack. However, from the application point
of view, other similar crack problem with permeable surface con-
dition is also important and will be presented in future report.
Moreover, far-ﬁeld solution and some other quantities of interest
which may be useful in some other applications, such as inhomo-
geneity or cavity detection in porous materials (see also Galvin and
Gurevich (2007)), even though are not derived here, can be deter-
mined by the method presented in this paper without difﬁculties.
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Appendix A
A.1. Abbreviations
Some of the abbreviations introduced in the paper are deﬁned
here for easy reference.
c¼H1; d2¼H2=H1; ðA1Þ
H1¼N2þM2=M1; H2¼N3þðM3þN2M2Þ=M1; ðA2Þ
M2¼E2G2;M3¼E3G3; ðA3Þ
N2¼ðc21þc22c23Þ=2;N3¼ð3c41þ3c42þ2c21c222c21c232c22c23Þ=8; ðA4ÞE2¼c22ð1b2aaf k2Þðk3c23k3c21þk1c21Þ=2þðk3k1Þðc43þc42Þ=4; ðA5Þ
G2¼c21ð1b2aaf k2Þðk3c23k3c22þk2c22Þ=2þðk3k2Þðc43þc41Þ=4; ðA6Þ
E3¼c22ð1b2aaf k2Þð2k3c432k3c21c21k3c41þk1c41Þ=8þðc43þc42Þ
ðk3c23k3c21þk1c21Þ=8þðk3k1Þð2c63c43c22þc62Þ=8; ðA7Þ
G3¼c22ð1b2aaf k1Þð2k3c432k3c22c21k3c42þk2c42Þ=8þðc43þc41Þ
ðk3c23k3c22þk2c22Þ=8þðk3k2Þð2c63c43c21þc61Þ=8: ðA8ÞReferences
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